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ABSTRACT: Magnetic coordination polymers can exhibit controllable

magnetism by introducing responsiveness to external stimuli. This report A% N
describes the precise control of magnetism of a cyanide-bridged bimetallic '\-\\'_h [T
coordination polymer (Prussian blue analogue: PBA) through use of an @

electrochemical quantitative Li ion titration technique, i.e., the galvanostatic
intermittent titration technique (GITT). K,,Ni[Fe(CN)¢],,4.7H,O (NiFe-

PBA) shows Li ion insertion/extraction reversibly accompanied with reversible A
Fe3*/Fe?* reduction/oxidation. When Li ion is inserted quantitatively into y e
NiFe-PBA, the ferromagnetic transition temperature T gradually decreases ) 2@ it < 8.

. . 3+ . . 21+ NEETEE ﬂo‘ “‘ct’n&“
due to reduction of paramagnetic Fe’ to diamagnetic Fe®’, and the Lol N B2y,
ferromagnetic transition is completely suppressed for Lijs(NiFe-PBA). On \&._\\ ‘y‘giﬁi
the other hand, T increases continuously as Li ion is extracted due to 3 L (il S Ay

oxidation of diamagnetic Fe** to paramagnetic Fe’*, and the ferromagnetic
transition is nearly recovered for Liy(NiFe-PBA). Furthermore, the plots of T as a function of the amount of inserted/extracted
Li ion x are well consistent with the theoretical values calculated by the molecular-field approximation.

B INTRODUCTION

Multifunctionality is an important concept in recent chemistry,

permits the penetration of small guests, which could realize H,

.15 .16 17 .
adsorption, > proton conduction, ” ion exchange,”’ and ion

18-23

because existence of multiple functionalities in a single phase
can produce novel cooperative phenomena such as multi-
ferroics." In particular, coordination polymers possess poten-
tially controllable electronic and structural properties; thus,
they could provide a rational strategy achieving novel
multifunctionalities.”> For example, magnetic coordination
polymers have been reported to show a wide variety of
magnetic properties (e.g,, room temperature ferrimagnetism,3
spin-crossover,” Haldane gap®). In addition, other function-
alities can also be introduced by designing the structure and
electronic state. The coexistence of magnetism with another
functionality frequently results in magnetism controllable by
external stimuli (e.g,, photoirradiation,” ' guest insertion,""'*
and electric field application'®), which can be applied to
electronic switch devices. Therefore, controllable magnetism of
coordination polymers has been investigated intensively.
Prussian blue analogue (PBA) is one of the best studied
magnetic coordination polymers."* The cyanide-bridged per-
ovskite-type structure of PBA generally is formulated as
Al,xM[M’(CN)é]1,y-|:|y'nHZO (A, alkali metal; M, M/,
transition metal; [], [M'(CN)] vacancy; hereafter denoted
as MM'-PBA), and it possesses intriguing magnetism due to the
strong ¢ and 7 donation/back-donation ability of the bridging
cyanide ligand. Furthermore, the open porous structure of PBA

-4 ACS Publications  © 2012 American Chemical Society

storage.
Recently, we have focused on the coexistence of magnetism

and ion storage ability in PBA, and magnetism switching was
achieved by electrochemical ion insertion/extraction. Bimetallic
CuFe-PBA was switched reversibly between a ferromagnet and
a paramagnet by galvanostatic solid state redox of the
Sato et al. also
reported the electrochemical modification of magnetism of
CrCr-,25 FeFe—,26 and NiFe-PBAs using a potentiostatic
method.”” However, these previous studies did not achieve

paramagnetic Fe’*/diamagnetic Fe** couple.”*

precise control of the magnetism due to the difficulty in the
quantitative ion/electron titration. To manipulate the electronic
state and magnetism of PBA more quantitatively, an advanced
electrochemical titration technique is required.

Here, we describe the precise electrochemical control of
ferromagnetism of a bimetallic NiFe-PBA through use of a
quantitative Li jon titration technique, i.e., the galvanostatic
intermittent titration technique (GITT) (Scheme 1).
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Scheme 1. Schematic Illustration of Li Ion/Spin Distributions in the Coordination Polymer®
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“The Li ions (green balls) are distributed in the porous space of the framework, while the magnetic low-spin Fe** (cyan balls) and diamagnetic low-
spin Fe?* (gray balls) are distributed on the host framework with the fixed magnetic Ni** (red balls).

B EXPERIMENTAL SECTION

NiFe-PBA was synthesized by a precipitation method. An aqueous
solution of 0.15 M NiCl,-6H,0 was added dropwise to an aqueous
solution of 0.1 M K;Fe(CN)g. The precipitate was centrifuged, washed
with distilled water, and then dried in vacuo for 24 h. The obtained
products were stored under an inert atmosphere in the dark at 5 °C to
prevent decomposition.

The composition was determined by the standard microanalytical
method for C, H, and N elements and coupled plasma mass
spectroscopy for K, Fe, and Ni elements. Calcd for K,,Ni[Fe-
(CN)slo74.7H,0: K, 2.61; Ni, 19.6; Fe, 13.1; C, 16.84; N, 19.64; H,
3.16. Found: K, 2.16; Ni, 20.1; Fe, 13.3; C, 16.60; N, 18.96; H, 3.04.

Powder X-ray diffraction (XRD) measurement was carried out on a
Bruker D8 Advance using Cu Ka radiation in steps of 0.01° over the
20 range of 5—80°. The unit cell parameters were calculated by least-
squares fitting with peak top values.

For the electrochemical Li ion insertion/extraction, three electrode
glass cells were used. NiFe-PBA was ground with 20 wt % acetylene
black and S wt % poly(tetrafluoroethylene) into a paste and used as
the working electrode. For the counter and reference electrode, Li
metal was used. For the electrolyte, 1 M LiClO,/ethylene carbonate—
diethyl carbonate (EC—DEC, 1:1 V/V %) was used. The cutoff
voltages were 2.0 and 4.3 V (vs Li/Li").

The direct current (DC) magnetic susceptibility was measured on a
Quantum Design MPMSSS SQUID susceptometer. The magnetic
susceptibility was corrected for core diamagnetism estimated from
Pascal’s constants and Pauli paramagnetism because of the used
acetylene black and icosane. For ’Fe Méssbauer spectroscopy, > Co in
Rh was used as Mdssbauer source. The spectra were calibrated by
using six lines of a-Fe, the center of which was taken as zero isomer

shifts.

B RESULTS AND DISCUSSION

NiFe-PBA was synthesized by a precipitation method. Figure 1
shows the powder X-ray diffraction pattern for NiFe-PBA. The
XRD pattern indicated a single cubic phase without crystalline
impurity. The estimated unit cell parameters were a =
10.204(3) A and V = 1062(1) A3. These values are well
consistent with the previously reported values (a = 10.229(5)
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Figure 1. Powder X-ray diffraction pattern for NiFe-PBA.

A)?® The precise composition was determined as Kg,Ni-
[Fe**(CN)4]o,[Fe**(CN)4]o s Ho3-4.7H,0 based on the stand-
ard microanalytical method (C, H, and N) and coupled plasma
mass spectroscopy (K, Fe, and Ni). The existence of
[Fe’’(CN)4] in NiFe-PBA was clearly suggested by the *’Fe
Méssbauer spectrum, and the amount of [Fe**(CN)s] was
confirmed from the amount of electrochemically inserted Li ion
(see below).

Electrochemical Li ion insertion/extraction reaction was
conducted for NiFe-PBA. Figure 2 shows the cyclic voltammo-
gram (CV) at a scan rate of 0.1 mV-s™'. A cathodic peak was
observed at 3.22 V, while an anodic peak was observed at 3.43
V. According to previous reports, these peaks could be ascribed
to the Li ion insertion and extraction, respectively, accom-
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Figure 2. Cyclic voltammogram for NiFe-PBA in 1 M LiClO,/EC-
DEC electrolyte. Scan rate was 0.1 mV/s.

panied by the solid-state redox of [Fe**(CN)4]/[Fe?*(CN)]
couple in NiFe-PBA."* > The electrochemical reaction of
NiFe-PBA can be described as

xLi* + xe” + NiFe’*-PBA « Li (NiFe’* Fe’* _ -PBA)

However, controlled potential methods such as CV could not
determine the true equilibrium potential of the material, and
performing the quantitative Li ion titration into NiFe-PBA was
also difficult. Therefore, an advanced electrochemical character-
ization, ie., the galvanostatic intermittent titration technique
(GITT),*” was performed. In the GITT experiment, a low-
density constant current (current density; 18 mA/g) was
repeatedly applied for 10 min, followed by interruption for 30
min to obtain the open circuit voltage (OCV) at each
equilibrium state (Figure 3a). The open triangles in Figure
3b show the OCVs as a function of x in Li,(NiFe-PBA). The
amount of inserted/extracted Li ion x was calculated based on
Faraday’s law.*® The OCVs showed that 0.6 Li ion could be
inserted/extracted reversibly (0 < x < 0.6 for Li,(NiFe-PBA))
at the potential range between 3.4 and 3.2 V vs Li/Li". The
observed potential plateaus agreed well with the redox peaks
recorded in the CV.

The ex situ XRD patterns were measured for Li (NiFe-PBA)
(0 < x < 0.6) to clarify structural changes occurring during the
quantitative Li ion insertion/extraction (Figure 4a). During Li
ion insertion/extraction, all of the peaks shifted gradually
without emergence of an additional peak, suggesting that the Li
ion insertion proceeded via a solid solution process. The lattice
constant is plotted as a function of x in Figure 4c (closed
triangles). Li ion insertion/extraction of the NiFe-PBA
framework resulted in a slight shrinkage of the lattice constant
from 1025 A (x = 0) to 10.199 A (x = 0.6) and a slight
expansion of that from 10.199 A (x = 0.6) to 10.24 A (x = 0).
This result confirms the reversible lattice shrinkage/expansion
during Li ion insertion/extraction. Furthermore, the lattice
constant changed linearly during Li ion insertion/extraction,
which is consistent with Vegard’s law commonly observed for
binary alloys.>" Therefore, these results confirm the solid
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Figure 3. (a) Time dependence of potential and current during the
GITT. (b) Open circuit voltage (open triangles) for Li,(NiFe-PBA)
during Li ion insertion/extraction. Blue lines are theoretical curves
based on the mean-field approximation.

solution state of the entire composition Li,(NiFe-PBA) (0 < x
< 0.6).

To clarify the change in the electronic structure, *'Fe
Mbossbauer spectra were recorded during Li ion insertion/
extraction (Figure 4b). The filled dots in Figure 4b are
experimental data, and broken lines are fitted curves. All of the
spectra could be fitted successfully using a combination of a
low-spin Fe®* doublet and a low-spin Fe?* singlet (Figure 4b
and Table SI in the Supporting Information).>* Before Li ion
insertion, the spectrum for NiFe-PBA was fitted with a main
doublet of Fe** low-spin and a small singlet of Fe*" low-spin.
This result supports the existence of [Fe’*(CN)¢] in as-
prepared NiFe-PBA. During Li ion insertion, Fe** in Li,(NiFe-
PBA) was continuously reduced to Fe®". Almost a half of Fe®"
was reduced to Fe?* for Liy;(NiFe-PBA), and then Fe** was
completely reduced to Fe** for Lijs(NiFe-PBA). Fe** was
gradually oxidized to Fe** during Li ion extraction. In the case
of Liy;(NiFe-PBA) during Li ion extraction, 40% of Fe** was
oxidized to Fe®*, while Fe** was almost completely oxidized
(89.4%) to Fe* for Liy(NiFe-PBA) after Li ion extraction.
These results confirmed that the reversible Fe3'/Fe?*
reduction/oxidation occurred during Li ion insertion/extrac-
tion. The Fe®* fraction in Li,(NiFe-PBA) during Li ion
insertion/extraction changed linearly as a function of x (open
circles in Figure 4c). Therefore, the precise and quantitative
titration of the Li ion and electron pair was achieved by GITT.

In general, when the guest Li ions are distributed in the host,
the free energy of the system can be described by the lattice-gas
model.*® In particular, as long as the nearest neighboring Li*—

dx.doi.org/10.1021/ic301361h | Inorg. Chem. 2012, 51, 10311-10316



Inorganic Chemistry

(‘d} x=0

x= 0.0BA j\

x=0.12

x= 0.23}\ A

x=033

x=0.45 A
x=0.54 A
x=06 A

*: background

A ]

|

UOI}OBIIXD UOI-17]

|

Intensity (a.u.)

E

FN 3 Y

UOIIASUT UOI-I7]

(b) 1.00
0,99 =
0.9% ~ Fe (8 =
0974 x=0 ot
0.96 Fe' (5=1/2) e
1.00 =
0.99 4 =
.98~ ;u
3 097+ e
= 0.9 &
S 1004 (sl
@ <
Z 098+ =]
Z 096
= 0944
4 084 oy
S 1004 B
= 0994 =]
. N v
= o8- Fe (S=0) ~ 03 :_
0974 X . =
1 b0s 3 Fe' (§=1/2 5
D> = [~ A )
'—il
1.000 (R =)
0.995 m, =
0.990 Fe ' (§=0) x=0
0.935 -
0.980 ; . ; . ;
4 2 0 2 4

Velocity (mm/s)

x= n.suj\ A ﬁ
Y= 0.4IA f‘\ A
xr=03 l/\ N\ A
x= O,EiA A h
x=0.1 “ N A \
T T ™
10 20 30 40 50 60
20 (degree)
(c)

10.26 4 ?
10.24 'f
.

10.22

alA)

10.20 4

10,184

Li-ion insertion
—

f‘ﬁ-#“?! “,,4--4"4

Li-ion extraction +
—_—
- ik b
’+ +

fraction

]_.c_l-

1.0
0.8+
0.6+
0.4
0.2
0.0
T T T T T T T T

0.0 0.2 0.4 0.6 0.6 04 02 0.0
x/ LiNiFe-PBA)

Figure 4. (a) Ex situ XRD patterns for Li,(NiFe-PBA) during Li ion insertion/extraction (*: background). (b) *"Fe Méssbauer spectra for Li,(NiFe-
PBA) during Li ion insertion/extraction (closed dots, experimental data; broken lines, fitted curves). (c) Lattice constant (closed triangles) and Fe®*

fraction (opened circles) as a function of «x in Li,(NiFe-PBA).

Li" interaction Ji; is assumed to be weak, the system can be
treated by the mean field approximation.’® Based on this
approximation, the OCV curve for Li,(NiFe-PBA) is given as

z] . RT
E(x)=EO+Li——ln x
F x, F Xy — X

Here, E, is the formal potential, z is the number of the nearest
neighbor Li ion sites, and «, is the maximum of x. The blue line
in Figure 3b is the fitted results with Ey = 3.39 V and Jj; = —12
meV/mol. The expression reproduced the experimental OCV,
which indicates that the model is appropriate for description of
the Li ion distribution in NiFe-PBA. The small negative Ji;
suggests weak repulsion between the neighboring Li ions due to
Coulombic interaction.

10314

The above results demonstrated the quantitative Li ion
titration in NiFe-PBA, in which the valence state of Fe was
quantitatively controlled between the paramagnetic
[Fe’*(CN)¢]>~ and diamagnetic [Fe®*(CN)q]*". Therefore,
the magnetic measurements were conducted for Li,(NiFe-
PBA) during Li ion insertion/extraction to clarify the magnetic
properties.

Liy(NiFe-PBA) had a T value of 2.01 emu-K-mol™ at room
temperature, which is greater than the spin-only value (1.23
emu-K-mol™"). This difference can be ascribed partly to
contribution from the orbital angular momentum of low-spin
Fe®" ions. Furthermore, although the XRD pattern for NiFe-
PBA indicated a single cubic phase without crystalline impurity,
the amorphous magnetic impurities, which cannot be detected
in the XRD experiments, could also contribute to the large yT

dx.doi.org/10.1021/ic301361h | Inorg. Chem. 2012, 51, 10311-10316
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value. With decreasing temperature T, yT increased monotoni-
cally with a Weiss constant € of 23.7 K (Figure Sla in the
Supporting Information). This result indicates ferromagnetic
interaction between Fe®" and Ni**. The black open triangles in
Figure Sa are the field-cooled magnetization Mp¢ of Liy(NiFe-
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Figure S. (a) Field cooled magnetization Mg (opened triangles),
dMpc/dT (closed triangles), and calculated spontaneous magnet-
ization (open circles) for Li,(NiFe-PBA). Jipin = 5.9 K was used in the
calculation (see text). (b) x—T phase diagram of Li,(NiFe-PBA).
Blue dotted line is the theoretical curve based on the mean-field
approximation (see text).

PBA) under 10 Oe. The zero-field and remnant magnetizations
are showed in Figure S2a in the Supporting Information. The
drastic increase in Mgc below 27 K suggests a ferromagnetic
transition. The Curie temperature T estimated from the peak-
top temperature of dMgc/dT plots (black closed triangles in
Figure Sa) is 22.4 K, which is similar to the previously reported
value (23.6 K).*

Upon insertion of Li ion, yT at room temperature decreased
continuously from 2.01 (x = 0) to 1.18 emu-K-mol™" (x = 0.6).

10315

The yT value for Liy(NiFe-PBA) did not show temperature
dependence (Figure Sla in the Supporting Information),
suggesting the disappearance of the ferromagnetic interaction
between Fe®" and Ni**. The open triangles in Figure Sa are M
of Li,(NiFe-PBA) (x = 0.18, 0.37, 0.47, 0.58, and 0.6) under 10
Oe. The onset temperature exhibiting a drastic increase in Mgc
was reduced continuously with increasing x. The T value
estimated from the dMp/dT plot (closed triangles in Figure
5a) decreased from 22.4 K (x = 0) to 0 K (x = 0.6). In fact,
Liy4(NiFe-PBA) showed no clear peak in the dMgc/dT plot.
These results suggest that the ferromagnetic transition was
completely suppressed by 0.6 Li ion insertion, because the
reduction of paramagnetic Fe’* to diamagnetic Fe** eliminated
the ferromagnetic interaction between the nearest neighboring
spins.

In contrast, when Li ion was extracted from Li,¢(NiFe-PBA),
xT at room temperature increased continuously from 1.18 (x =
0.6) to 2.24 emu-K-mol™ (x = 0 after Li ion extraction). The
Weiss constant of Liy(NiFe-PBA) after Li ion extraction is 20.6
K. This value suggests a recovered ferromagnetic interaction
between Fe** and NiZ* during reversible Li ion insertion/
extraction. The onset temperature exhibiting a drastic increase
in Mgc increased continuously with decreasing x, and T
estimated from the dMpc/dT plot increased from 0 K (x =
0.6) to 20.8 K (x = 0 after Li ion extraction) (Figure S3 in the
Supporting Information). Although T for Liy(NiFe-PBA) after
Li ion extraction was slightly lower than that for NiFe-PBA
before Li ion insertion due to the slight increment of
diamagnetic Fe?*, the ferromagnetic transition was nearly
recovered after Li ion extraction.

The Mg vs T plot showed the systematic control of T¢ by x.
In general, if the electron is distributed randomly on the Fe ions
of the NiFe-PBA lattice, the free energy of the magnetic system
can again be described by the mean-field approximation (so-
called the molecular field approximation for the magnetic
system).”* The Hamiltonian for Li,(NiFe-PBA) without
external field can be described by

H= _ZZF?]spin<SFe> 2 Sni — 2ZNi]spin<SNi>Z Ske

where z; is the number of the nearest neighboring spin i (zp, =
6(0.6 — x) and zy = 6), ], is the superexchange constant
between Fe®* and Ni**, and (S,) is the averaged value of the
spin i. This can provide the temperature dependence of the
spontaneous magnetization and T¢ for various x. The open
circles in Figure Sa depict the numerically calculated temper-
ature dependence of the spontaneous magnetization M for
various x. Note that J;, was assumed to be constant (5.9 K)
regardless of x. The calculated M vs T plots for various x
showed that the increase in x reduced both the onset
temperature of M and the M value at low temperatures. The
calculated plots reproduced the temperature dependence of
experimental M.

To further validate the molecular-field model, the x—T phase
diagram for Li,(NiFe-PBA) was plotted (Figure Sb). The open
triangles are T estimated from the dM/dT plots for Li,(NiFe-
PBA) during Li ion insertion (V)/extraction (A), respectively.
The molecular-field approximation provides the x-dependence
of T for Li (NiFe-PBA) as Tc(x) = [1 — (x/0.6)]"*T(x=0),
which is shown as a broken blue line in Figure Sb. The
estimated T values were almost consistent with the theoretical
plot, which confirmed the random distribution of the inserted
spin.
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B CONCLUSIONS

The precise control of ferromagnetism of NiFe-PBA was
achieved by electrochemical quantitative Li ion/spin titration.
0.6 Li ion could insert/extract into NiFe-PBA reversibly (0 < x
< 0.6). The reversible lattice shrinkage/expansion in NiFe-PBA
during Li ion insertion/extraction suggested the solid solution
process for the entire composition. The >’Fe Mdssbauer spectra
showed the reversible solid state redox of the paramagnetic
Fe3*/ diamagnetic Fe* couple. Therefore, when Li ion inserted
quantitatively, T of NiFe-PBA decreased gradually, and the
ferromagnetic transition is completely suppressed for x = 0.6.
On the other hand, T increased gradually as Li ion is extracted.
Thus, the ferromagnetism of NiFe-PBA was manipulated
quantitatively by an advanced electrochemical titration
technique. Furthermore, both the inserted Li ions and spins
were distributed randomly in NiFe-PBA, which was confirmed
by fitting the experimental results to the corresponding
thermodynamic functions based on the mean-field approx-
imation.
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GITT measurements, Mossbauer parameters, and additional
magnetic data. This material is available free of charge via the
Internet at http://pubs.acs.org.
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